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ABSTRACT 
Disaster frequency appears to be increasing. The impact of those disasters has 
increased substantially in terms of mortality and economic losses. Evacuation, as an 
inevitable part of disaster management systems, plays a critical role in disaster mitigation. 
The efficiency of all-hazard disaster evacuation could be increased by making 
appropriate decisions on policies and practices for planning, preparedness and response, 
and taking certain traffic operations, management and control. Common principles for 
large disaster evacuation have been established, mostly based on the experience of 
hurricane events. However, earthquakes have a series of special characteristics, which are 
different from other disasters, such as being hard to predict and leading to a great deal of 
secondary disasters. The 1994 Northridge earthquake in California and the 2008 
Wenchuan earthquake in China are chosen as examples to track and compare disaster 
response, including evacuation effectiveness. A primary guideline for earthquake 
evacuation plan is developed in this study. 
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CHAPTER ONE 
INTRODUCTION 
In human history, nature and human-made disasters cause a large number of 
mortality and economic losses. As Table1.1 shows, many types of disasters could impact 
human lives. Earthquakes, floods, drought, and other natural disasters continue to cause 
tens of thousands of deaths, hundreds of thousands of injuries, and billions of dollars in 
economic losses each year around the world. Fires, tornados, hurricanes and earthquakes 
made up of the ten worst disasters in the last century.  
Table 1.1: Various Types of Human-made and Natural Disaster  
Human-made Disasters Natural Disasters 
Chemical Emergencies Earthquake 
Dam Failure Fire or Wildfire 
Hazardous Material Flood 
Nuclear Power Plant 
Emergency 
Heat 
Terrorism Hurricane 
 
Landslide 
 
Thunderstorm 
 
Tornado 
 
Tsunami 
 
Volcano 
 
Wildfire 
 
Winter Storm 
Source: Wilmot, 2001 
EM-DAT, a global disaster database maintained by the Centre for Research on the 
Epidemiology of Disasters (CRED) in Brussels, records upwards of 600 disasters 
globally each year (CRED, 2011). According to the statistics from Federal Emergency 
Management Agency (FEMA) (Figure 1.1), the number of declared disasters in the U.S. 
increased from 13 in 1953 to 75 in 2008 (FEMA, 2011).  
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Figure 1.1: The Number of Declared Disasters per Year in the U.S  
 
Source: FEMA, 2011 
Actually, both the frequencies of natural and human-made disasters are certified 
to be increasing recently. Climate change, leading weather pattern change and increasing 
the strength of severe weather incidents, is thought to be a major reason of the high 
frequent nature disasters. For example, with rainfall pattern change, more intense heavy 
rain and flooding particularly happen during the winter months in northern Europe, while 
Southern Europe is likely to receive considerably less rainfall and suffer droughts 
(Amberlinks, 2009). Another analysis of two disaster databases maintained by CRED and 
by Emergency Management Australia also shows an exponential growth in human-made 
disaster frequency, largely due to an increase in traditional hazards such as fires and 
explosions, rather than from new technologies, though with a decline in fatalities per 
incident (Les Coleman, 2006). 
Though the disaster frequencies are increasing, many actions are taken to decrease 
the impact of disasters on population in human history. Disaster Risk Management (DRM) 
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system, which organizes all preparedness, response and recovery actions before, during 
and after disasters into an integrated system, aims at saving lives and economical losses 
in disasters. There are three phases in the DRM systems. In a pre-disaster period, 
mitigation and prevention measures are taken to limit the adverse impact of natural 
hazards, environmental and technological hazards. Evacuation is one of the most 
important components of risk preparedness, management and response in the response 
phase. The other actions contain providing immediate assistance and protection for 
people and livelihoods during the emergency. After the disaster, actions will be taken to 
restore infrastructure and services. The process of a disaster risk management system is 
shown in Figure 1.2 (Baas et al., 2008). Prevention and mitigation actions are taken 
before, during and after disaster events to mitigate the risks caused. 
Figure 1.2: Completed Process of Disaster Risk Management System 
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An evacuation is ordered because life threatening conditions are present, or will 
be present, in the area needing to be evacuated.  Usually, when evacuations become 
necessary, the information will be provided to the public through the media by local 
officials. Additionally, if people feel threatened or endangered, they can choose to leave 
home, school, or workplace to avoid these situations. A certain amount of time is 
required to keep population evacuating safely out of at-risk areas. If the disaster is a 
weather condition, which can be monitored, such as a hurricane and tornado, warning 
time is left to escape from risk. However, many disasters allow no time for people to 
gather even the most basic necessities, such as earthquakes and terrorist attacks. As Table 
1.2 shows, an earthquake has the shortest or no warning time in all kinds of disasters 
(Wilmot, 2001). 
Table 1.2: Evacuation Advanced Warning Time and Impact Area of Hazard Events 
 
Advanced Warning Time and Potential Impact Area Both Increase from Top to Bottom 
Source: Wilmot, 2001 
Recently, some earthquakes caused huge harm to people and properties. The Haiti 
earthquake in 2010 killed 222,570 people, injured 300,000 ones, destroyed 97,294 and 
damaged 188,383 houses in the Port-au-Prince area and in much of southern Haiti, while 
1.3 million people were displaced. The most recent major earthquake is the Japan 
Hazard requiring evacuation 
Man-made events Natural events 
Terrorist attack Earthquake 
Chemical release Volcanic eruption 
Nuclear power plant accident Tornado 
Dam failure Tsunami 
 Wildfire 
 Flood 
 Hurricane 
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earthquake in March 11
th
, 2011. At least 11,600 people were killed, 16,450 were missing, 
170,500 were displaced and at least 155,000 homes and buildings, 2,035 roads, 56 
bridges and 36 railways were damaged or destroyed by the earthquake and tsunami 
generated in the Iwate-Miyagi-Fukukshima area (USGS, 2011).  
During or after earthquakes, people evacuate because the threats come from the 
potential aftershocks and other secondary disasters. For example, in 2011 Japan 
earthquake, the nuclear emergency caused by earthquake forced thousands residents 
evacuated from them home. A 20 KM radius evacuation zone was set around the nuclear 
plants.  
Though evacuation actions happened, limited research has been done on 
earthquake evacuation. While most disaster evacuation research is based on all-hazard 
disasters, emergency evacuation for earthquakes has its own special requirements to help 
vulnerable people avoid the risks. Research could be done to decrease the damages on 
populations and property in earthquake events by producing an efficient evacuation plan, 
based on the study of former all-hazard evacuation research and identifying special issues 
of earthquake evacuation and finding solutions for these problems.   
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CHAPTER TWO 
EARTHQUAKE 
An earthquake is a sudden, rapid shaking of the earth caused by the breaking and 
shifting of rock beneath the earth‘s surface. As to the theory of plate tectonics, the earth 
currently has seven to eight major (depending on how they are defined) and many minor 
plates. Most earthquakes occur at the boundaries where these plates meet, while some of 
them happen in the middle of plates. The function of earthquake is to release the 
accumulated strain caused by an abrupt shift of rock along a fracture in the earth or by 
volcanic or magmatic activity, or other sudden stress changes in the earth (Milch et al., 
2010).  
Four types of earthquakes are classified by their modes of generation. The most 
common are tectonic earthquakes, which happen when rocks break suddenly in response 
to the various geological forces. The second kind accompanies volcanic eruption. The 
third type are collapse earthquakes, which could be triggered by the collapse of the roof 
of the mine and cavern, or landslides. The fourth type earthquakes are man-made, which 
are produced by the detonation of chemicals or nuclear devices (Bolt, 2003).  
All kinds of earthquakes have destructive power and usually cause life and 
economic losses in populous areas by imposing risks on them.  
Risk and Losses 
In general, risk is defined as the probability of harmful consequences, or expected 
loss of lives, people injured, property, livelihoods, economic activity disrupted (or 
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environment damaged) resulting from interactions between natural or human induced 
hazards and vulnerable conditions (Stevens, 2004). 
Particularly for earthquake risk, Hays defines earthquake risk as: the probability 
that social or economic consequences of earthquake expressed in dollars or casualties will 
equal or exceed specified values at a site during a specified exposure time (Hays, 1980). 
The potential influence of the earthquake is based on the vulnerability of buildings and 
possible life and economic losses.   
Ground shaking and ground rupture are the main destructive effects created by 
earthquakes. The severity of the local effects depends on the complex combination of the 
earthquake magnitude, the distance from the epicenter, and the local geological and 
geomorphological conditions (ABAG, 2003). The destructive effects to a system need to 
be combined with vulnerability of the system. For example, large engineering structures, 
such as dams, bridges and nuclear power stations require to avoid the areas with a high 
potential of earthquake (California Department of Conservation, 2002). 
Magnitude/Intensity  
Magnitude and intensity are different measurements of the destructive power of 
earthquakes. Magnitude measures the energy released at the source of the earthquake, 
while intensity measures the strength of shaking of the earthquake at a certain location 
(FEMA, 2010). 
The effect of an earthquake on the Earth's surface is called the intensity. The most 
currently used intensity scale is the United States is the Modified Mercalli (MM) 
Intensity Scale. It was developed in 1931 by the American seismologists Harry Wood and 
 
 
8 
 
Frank Neumann. This scale, composed of 12 increasing levels of intensity that range 
from imperceptible shaking to catastrophic destruction. The following is an abbreviated 
description of the 12 levels of Modified Mercalli intensity (USGS, 2011): 
 Not felt except by a very few under especially favorable conditions. 
 Felt only by a few persons at rest, especially on upper floors of buildings. 
 Felt quite noticeably by persons indoors, especially on upper floors of buildings. 
Many people do not recognize it as an earthquake. Standing motor cars may rock 
slightly. Vibrations similar to the passing of a truck. Duration estimated. 
 Felt indoors by many, outdoors by few during the day. At night, some awakened. 
Dishes, windows, doors disturbed; walls make cracking sound. Sensation like 
heavy truck striking building. Standing motor cars rocked noticeably. 
 Felt by nearly everyone; many awakened. Some dishes, windows broken. 
Unstable objects overturned. Pendulum clocks may stop. 
 Felt by all, many frightened. Some heavy furniture moved; a few instances of 
fallen plaster. Damage slight. 
 Damage negligible in buildings of good design and construction; slight to 
moderate in well-built ordinary structures; considerable damage in poorly built or 
badly designed structures; some chimneys broken. 
 Damage slight in specially designed structures; considerable damage in ordinary 
substantial buildings with partial collapse. Damage great in poorly built structures. 
Fall of chimneys, factory stacks, columns, monuments, walls. Heavy furniture 
overturned. 
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 Damage considerable in specially designed structures; well-designed frame 
structures thrown out of plumb. Damage great in substantial buildings, with 
partial collapse. Buildings shifted off foundations. 
 Some well-built wooden structures destroyed; most masonry and frame structures 
destroyed with foundations. Rails bent. 
 Few, if any (masonry) structures remain standing. Bridges destroyed. Rails bent 
greatly. 
 Damage total. Lines of sight and level are distorted. Objects thrown into the air. 
In this paper, magnitude is used to describe the maximum destructive potential at 
the source of the earthquake in selected cases. The Richter scale is normally used, which 
was originally defined as: the magnitude of any shock is taken as the logarithm of the 
maximum trace amplitude, expressed in microns, with which the standard short-period 
torsion seismometer would register that shock at an epicentral distance of 100 kilometers. 
Because the magnitude scale was open-ended and based on quantity, it is possible for the 
meaningful comparisons of multiple earthquakes (SCEDC, 2011). 
The comparison of magnitude and intensity is at Table 2.1. 
Table 2.1: The Comparison of Magnitude and Intensity  
 
Source: FEMA, 2011 
Magnitude Typical Maximum 
Modified Mercalli 
Intensity 
1.0 - 3.0 I 
3.0 - 3.9 II – III 
4.0 - 4.9 IV – V 
5.0 - 5.9 VI – VII 
6.0 - 6.9 VII – IX 
7.0 and higher VIII or higher 
 
 
10 
 
Epicenter 
Not only the magnitude matters with the destructive power of earthquake, but also 
the location of earthquake. The epicenter is the point on the earth's surface vertically 
above the hypocenter (or focus), where a seismic rupture begins. The hypocenter (focus) 
is the point within the earth where an earthquake rupture starts (FEMA, 2011). The 
location of epicenter and hypocenter is shown in Figure 2.1.  
Figure 2.1: The Location of Epicenter and Hypocenter 
 
Source: FEMA, 2011 
The location of epicenter is the center of the affected area. In the earthquake 
response system, the areas around epicenter usually suffer the severest damages.  
Aftershocks 
When earthquake attacks an area, it is usually have earthquake clusters. In an 
earthquake cluster, the earthquake with the largest magnitude is called the main shock; 
anything before it is a foreshock and anything after it is an aftershock. A main shock will 
be redefined as a foreshock if a subsequent event has a larger magnitude (USGS, 2011). 
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As the definition above, aftershocks are a series of earthquakes that follow the 
main shock of an earthquake (FEMA, 2011), Which are smaller than the main shock and 
could continue over a period of weeks, months, or years. In earthquake disasters, the 
potential of aftershocks makes the affected areas in risk and causes difficulties for the 
rescue job. Identifying foreshocks by studying local seismicity over a period of several 
months is one particular method to forecast what will happen in the next days (SCEDC, 
2011). 
Secondary Disasters 
Besides the main shake and the following aftershocks, many secondary disasters 
caused by earthquake could threaten population and properties, such as landslide, fire, 
liquefaction, tsunami, and flood.  
Landslides and Avalanches 
Landslide and avalanches includes a wide range of ground movement, such as 
rock falls, deep failure of slopes, and shallow debris flows. Gravity acting on an over-
steepened slope is the primary reason for a landslide. Earthquakes, especially those with 
magnitude 4.0 and greater, have been known to decrease the stability of slope land and 
trigger landslides (USGS, 2011). Landslide not only brings danger to the areas it covers, 
but also blocks the roads and rivers, causing other risks and difficulties for rescuing jobs. 
Fires 
Earthquakes can cause fires by gas, chemical and electrical hazards, if appliances, 
furniture, or household products shift, fall, or spill to damage chemical containers, 
electrical power or gas lines (USFA, 2011). 
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At the same time, it is usually hard to stop the fires when they start during or after 
earthquakes. On one hand, in the mess condition, it is difficult to organize the fire 
fighting job. One of the main difficulties is the traffic chaos. On the other hand, the water 
rupturing and the lack of pressure are usually the result of the ground shaking in the 
earthquake, which create huge difficulty for firefighting work. 
Soil Liquefaction 
Soil liquefaction and related ground failures are commonly associated with major 
earthquakes. Soil liquefaction was defined by Sladen (Sladen et al., 1985) as ―a 
phenomenon that a mass of soil loses a large percentage of its shear resistance, when 
subjected to monotonic, cyclic, or shock loading, and flows in a manner resembling a 
liquid until the shear stresses acting on the mass are as low as the reduced shear 
resistance.‖ Huge shakes can make water-saturated granular material (such as sand) 
temporarily loses its strength and change from a solid to a liquid. If buildings and bridges 
are constructed on the water-saturated granular material, soil liquefaction will collapse or 
at list sink these structures. 
The soil‘s liquefaction characteristics of different soil under stress, which are 
called as liquefaction susceptibility, are important to in earthquake preparedness. The 
evaluation of soil‘s liquefaction potential and avoiding important structures on the land 
with possibility of liquefaction are meaningful in earthquake preparedness (Rauch, 1997).  
Tsunami 
When a major earthquake (usually with magnitude 7.5 or more) happens in the 
ocean, sudden movement of a large volume of water could produce long-wavelength, 
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long-period sea waves. These large waves can travel the distance with fast speed (373–
497 miles per hour) and wreak destruction on the shores and coast (Noson, Qamar, and 
Thorsen, 1988). An obvious example is the tsunami caused by 2004 Indian Ocean 
earthquake.  
However, not all earthquakes happened in ocean caused tsunami. When 
earthquake occurs, fault slip, which is defined as the relative motion of the rock on each 
side of the fault with respect to the other side, exerts influence to move water in ocean. 
However, there are three different kinds of fault slips. The slip in a vertical direction is 
called dip slip, which parallels the fault‘s dip. Slip which occurs primarily in a horizontal 
sense, is called strike slip, for it parallels the strike of the fault. The fault slip which 
occurs at an angle to both the dip and the strike of the fault, is oblique slip (SCEDC, 
2011). 
Since dip-slip faults cause the ground to move vertically, they have the ability to 
rapidly displace large amounts of water. Dip-slip faults have the ability to generate 
tsunamis. Strike-slip faults, on the other hand, move the ocean floor horizontally. Thus, 
they do not displace any water and are therefore unable to produce tsunamis. Oblique-slip 
faults may or may not be able to generate tsunamis based on the amount of vertical 
movement (SCEDC, 2011). 
Floods 
Floods could occur after earthquakes, if the existing dams are collapsed. In other 
condition, earthquakes may cause unstable dams by blocking rivers with landslips, which 
are easy to collapse and cause floods.  
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Suffered with great ground shaking power in earthquakes, the dams in affected 
area could be damaged and unstable. Additionally, earthquakes can cause flooding by 
forming new lakes when rivers and streams are dammed by landslides, boulders, rock 
falls, and other loose debris. Floods could happen in an earthquake affected area a few 
days after earthquakes. 
Prediction of Earthquake 
To reduce the life and economic losses in earthquake, accurate forecasting 
earthquake is important for earthquake preparedness and response. The world's first 
successful prediction happened in the city of Haicheng, China on February 4, 1975. 
Chinese government issued an immediate warning of a major earthquake and began a 
massive evacuation effort at about nine hours before the earthquake. Though 90 percent 
of the city's buildings were severely damaged or destroyed in Haicheng, there were few 
casualties (SCEDC, 2011). 
The accurate prediction of earthquake, including the expected magnitude range, 
the well defined area of the epicenter and affected areas, and the time interval which it 
will happen, will effectively decrease the losses in earthquake. The commonly accepted 
classification of earthquake prediction contains four levels: long-term predictions 
(spanning decades), intermediate-term predictions (several month to years), short-term 
predictions (several days to weeks), and immediate or imminent prediction (less than a 
few days) (Bormann, 2011). 
Immediate alert (less than 20 seconds) was added into earthquake prediction 
categories to provide earliest warning before earthquakes (Gasperini et al., 2007). An 
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earthquake warning system, which combines accelerometers, communication, computers, 
and alarms together, was designed recently by Richard Allen to detect the earliest stages 
of an earthquake and sound a regional alarm to warn people of the danger. The alerts can 
provide tens of seconds of warning time (Allen, 2011). 
It is a long history in which people found earthquakes are associated with some 
particular abnormal phenomena in geophysical, geodetic, geochemical, hydrological, or 
other fields, or more complex space-time-intensity patters of one or several of such fields, 
such as changing level or clouding of water in wells, anomalous gas emissions, and 
lightning effects, animal unrest, etc (Martinelli, G. 2000). These abnormal phenomena are 
called as precursors or forerunners, for they happen before earthquakes. Observing the 
associated precursors is one common method to forecast the happening of earthquakes. 
After WWII, some modern precursory phenomena were added into precursor systems, 
like variations in seismic wave velocity, seismicity rate, earth movements, radon 
emission, and electrical resistivity or potential changes. 
Earthquake prediction improved from probabilistic prediction (an event of a given 
magnitude or magnitude range may occur within a specified space-time interval) to 
deterministic prediction (the precise location, time, and magnitude of a given event). 
Probabilistic predictions assess the potential of earthquake and limit the forecast in given 
magnitude and the spatial-time ranges. Long-term prediction is a typical probabilistic 
prediction (Sykes, 1996). The predictions of earthquake‘s accurate location, time, and 
magnitude are critical for risk assessment and earthquake preparedness. Many reliable 
deterministic multi-parameter models are used for deterministic predictions. An 
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operational real time monitoring system and powerful computers are required for these 
models (Bormann, 2011).  
Combining the views in former research (Sykes, 1999, Kossobokov, 2004, 
Bormann, 2011), good feasibility of long-term predictions has been demonstrated, while 
at least partially manageable objectives and fair potential for intermediate- term 
predictions could be identified. For long and intermediate term predictions, earthquake 
predictability on blind faults or in intra-plate environments is more difficult than those at 
the scale of individual faults. Probabilities of occurrence for long and intermediate term 
predictions are already above 50 percent. The feasibility of reliable short-term predictions 
is still unclear. Better ability to understand, scale, and monitor the earthquake nucleation 
process before the earthquake event is needed to improve the earthquake short-term 
predictions. 
Table 2.2: Earthquake Prediction and Feasibility  
Term  Warning time Scientific basis Feasibility 
Immediate 
alert 
0-20 seconds Speed of 
electromagnetic 
waves>> seismic 
waves 
Good 
Short term 
prediction 
Hours to weeks Aseismic precursory 
slip, foreshocks 
Unknown 
Intermediate 
term 
prediction 
1 month to 10 years Seismicity, strain, 
chemistry, fluid 
pressure 
Fair for well-
monitored 
regions 
Long term 
prediction 
10-30 years Long term activity 
rate, fault slip rate 
Good for highslip 
rate faults 
Source: Faulkner, 2007 
The impossibility to identify the magnitude, time and location of earthquake in a 
short term causes huge difficulties for people to mitigate risks in earthquake.  
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Earthquake Response 
Though lack of accurate earthquake predictions, many actions are taken to better 
prepare and response to earthquakes from engineering and risk-mitigation respects, 
including earthquake-resistant design, retrofitting and strengthening of structures, 
building codes and land-use regulations, civil defense and disaster relief preparedness 
measures, and public education and response training (Bormann, 2011). 
Building codes first came into use to protect communities from potential 
earthquake damage in the 1930s. Now building codes are working as the minimum 
standards to ensure structures safe in earthquakes all over the US (FEMA, 2011). A 
building code, or building control, is a set of rules that specify the minimum acceptable 
level of safety for constructed objects such as buildings and nonbuilding structures. The 
main purpose of building codes are to protect public health, safety and general welfare as 
they relate to the construction and occupancy of buildings and structures. The building 
code becomes law of a particular jurisdiction when formally enacted by the appropriate 
authority. Usually, the earthquake provides the full scale ―test‖ of modern seismic 
building codes. While the ground shaking equal or exceed the building code for design, 
severe damage will happen to building structures.  
Earthquake-resistant design code on new buildings and retrofitting program for 
the existing structures are utilized to reduce building‘s vulnerability to earthquake events. 
Other actions include land-use regulations, relocation of communities, and public 
education/awareness programs (Erdik, 2002). 
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Many institutes provide public education and guidance for earthquake events. In 
the US, the most famous ones are the Preparedness Fast Facts program of America Red 
Cross (ARC), U.S. Geological Survey (USGS) Earthquake Hazards Program, and 
Earthquake Program in FEMA. The earthquake mechanics, terminologies and related 
information are provided in these websites. Earthquake safety checklist and guidance 
about what to do before, during and after earthquake in different conditions are suggested 
to protect lives and property. Other education institutes provide public earthquake 
education and training programs too, like Southern California Earthquake Center (SCEC) 
at UCLA, and Northern California Earthquake Data Center (NCEDC) at University 
of California Berkeley Seismological Laboratory.  
The above preparedness actions are useful to increase building‘s resistance to 
earthquake and increase the building and people‘s safety during and after earthquake, but 
the magnitude and the destructive potential of earthquake is hard to predict. In the 
condition that the earthquake‘s magnitude is larger than the earthquake design standard, 
or the construction is not strictly compliant with the design/building codes, people and 
property will be in dangers and suffer damages. Like in other disasters, evacuation out of 
the at-risk areas could be an efficient way to help people avoid risks in earthquake events, 
as a significant risk-mitigation response. A large number of studies have been done on 
all-hazard evacuation, though limited ones about earthquake evacuation. 
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CHAPTER THREE 
All-HAZARDS EVACUATION 
The reasons for population evacuation moved from the wars in WWII, to nuclear 
power plant safety in late 1970s, and then to hurricanes in 1960s and 1970s (Wolshon et 
al., 2005). Since 1990s, hurricane evacuation has become one of the most common 
evacuation research hotspots, for the resurgence of huge hurricanes. Many reasons render 
planning and evacuation for hurricanes gain much attention in recent decades. One is the 
increasing frequency and degree/magnitude of hurricanes. Another one is the highest-
level number of residents living in the coasts, which continually increased in the two 
decades before late 1990s (Alsnih and Stopher, 2006).  
Generally speaking, the common problem of hurricane evacuation is that too 
much traffic demand generates in limited time and immediately overwhelms the roadway 
capacity (Wolshon et al., 2007). While the costs of constructing new roads and increasing 
roadway capacity are prohibitive, the feasible ways are maximizing the utility of the 
existing transportation network (Han, 2007). 
There are a series of indicators to measure the effectiveness of evacuation 
operations, including total evacuation time, individual travel and exposure time, time-
based exposure risk and time-space-based exposure risk. Besides reducing evacuation 
time, the efficiency of evacuation is also measured by the total travel time used by 
individuals, the time evacuees exposed in the risk and the risks facing by evacuees in the 
evacuation process. The risks are calculated from both time and spatial aspects (Han, 
2007). 
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Two ways are identified to increase the efficiency of hurricane evacuation from 
transportation aspect. The first one is appropriate decisions on policies and practices for 
transportation system planning, preparedness and response, and the second one focuses 
on the traffic operations, management and control (Wolshon et al., 2005). The policies 
and practices usually contain the decision of evacuation type, evacuation demand 
forecasting, evacuation zoning, destination, routes, assignment and schedule, 
communication, evacuation of low mobility and special needs groups, intelligent 
transportation systems (ITS) and interstate coordination, while the operations mainly 
include contraflow, emergency shoulder lanes, staged evacuation, public transit use, and 
priority traffic signal control (Wolshon et al., 2007; Han, 2007).  
Evacuation Command 
Facing the potential losses of millions dollars and possible deaths, the decision of 
evacuation enhances the opportunity of saving lives and property. However, the 
difficulties come out when determining the evacuation time and areas. There are also 
potentials for calling the cry wolf scenario, in which people ordered to evacuate too often 
when hazardous conditions do not actually happen are subsequently less likely to 
evacuate in the future (Atwood and Major, 1998).  
Uncertainty exists for the forecasting of all hazard disasters. Even though 
hurricanes have longest advanced warning time than any other hazard event (Wilmot, 
2001), it is still hard to predict their real appearance time, intensity and location. And no 
matter how accurate hurricane forecasting becomes in the future, uncertainties still exist 
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in storm track, intensity, and how storm phenomena interacts with the natural and built 
environments (Wolshon et al., 2005).  
Once the evacuation is deemed necessary, there are generally three types of 
evacuation to be determined: voluntary, recommended or mandatory, though with 
variations in some states (Wolshon et al., 2005). The decision about evacuation type 
depends on the probability of disasters and their potential damages. Voluntary evacuation 
is assigned to most vulnerable people in the relative low probability hazard events, in 
which no special traffic control or transportation measures are taken, and residents can 
choose to stay if they want. Recommended evacuation orders are issued to disasters 
having high possibility of causing threat to people living in at-risk areas. Mandatory 
evacuation, implemented in the most serious disasters, maximally encourage residents 
escape from the at-risk areas (Wolshon et al., 2005). The decisions about evacuation and 
its type are the prior things to be determined in each faced disaster.  
Evacuation Demand Forecast  
After making the decision of evacuation and its type, the next step is estimating 
the number of traffic demand. The first described general travel demand forecasting 
process for hurricane evacuations was similar with the urban travel demand forecasting 
methodology. 
The traditional travel demand estimation process usually consists of simple 
relationships such as means, rates, and distributions. For example, the most common 
travel demand estimation method is calculating out the evacuation rates in every 
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evacuation zone, which are the proportions of households willing to evacuate in these 
subdivisions.  
Recently, efforts have been made to use logistic regression analysis to model the 
relationship between the probability of evacuation and variables such as socio-economic 
status of the correspondent, types of housing, perception of risk, past hurricane 
experiences, evacuation orders, and storm-specific factors. Irwin et al. (Irwin and 
Hurlbert, 1995) defined the independent variables as type of dwelling gender, marital 
status, education, age, race, income, prior hurricane experience, and perception of being 
hurt if they did not evacuate. Mei (Mei, 2002) thought the evacuation probability of a 
household was influenced significantly by housing type, whether the household received 
a mandatory evacuation order or not, age of the respondent, distance of the household 
from the closest body of water, and marital status. 
While traditional travel demand was criticized to be static, dynamic travel demand 
models for hurricane evacuation have been developed over the traditional static traffic 
assignment by combining static trip generation using participation rates with estimates of 
departure time provided by using a response curve (Fu, 2004).  
Special Needs Population 
The big challenge for the evacuation of special need population is identifying 
people who need assistance, communicating to them what assistance is available and how 
to access it, and convincing them to use that assistance to leave early (Wolshon, 2009).  
The meaning of the term special needs population (or called vulnerable 
population) changed. In the past, it was limited to the group with the demand of medical 
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support. Over time, it now includes other groups with requirement of other forms of care, 
such as elder and children, mentally and physically disabled. More recently, it has been 
broadened to include nearly everyone without capacity of moving themselves as well as 
others, like those with mobility, sensory or cognitive impairment and with limited 
English proficiency (Wolshon, 2009). Now the special need population contains carless 
residents, minority, low-income, elderly, disabled, residents with limited mobility and 
health problems, limited English efficiency and non-English speaking. In some areas of 
the US, as many as one in five individuals are considered to be part of a special needs 
population (Renne et al., 2008).  
After identifying the special need population, reaching these populations is quite 
difficult. Low participation rates during evacuations were also noted as one of the major 
challenges to estimate the special evacuation demand. Some special needs and carless 
residents choose to stay, even if they are contacted and have the resources necessary to 
evacuate. Many elderly persons think that they are safer in their home and would rather 
risk the effects of a disaster (of any kind) than go to a shelter or leave their neighborhood. 
Actually, seniors with pets may feel even stronger attachment to place and therefore resist 
evacuation efforts (Renne et al., 2008). 
Several methods are used to contact and communicate with vulnerable population. 
Evacuation assistance registries are used to identify members of vulnerable population, 
usually including the type of disability and the need for any medical or transportation 
needs (Renne et al., 2008). Though emergency management agencies overcome the high 
expense and difficulties to operate the registry systems (GAO, 2006), the registries are 
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usually incomplete because of reluctance of individuals to sign up, or for they are not 
aware of the registries (Renne et al., 2008). With the registries of vulnerable population, 
―pick up‖ points could be set in evacuation plan for transit to gather the special needs 
population and carry them to safe areas.  
Another evacuation tool is the use of special telephone numbers (211, 311 or 511), 
which are created to help special needs population in the event of evacuation. These 
numbers are used by some governments (for example, Houston and Harris County in 
2005) to identify special needs. Population with special needs can pre-register themselves 
and call for help in emergency.  
Non-profit groups also play an important role in communicating with special 
needs population. For example, area groups on aging and others are helpful in contacting 
and gathering elder residents (Committee on the Role of Public Transportation in 
Emergency Evacuation, 2008). For those with limited English proficiency, efforts are 
made by government agencies to communicate these subgroups in their own language 
(Renne et al., 2008).  
Communication  
Timely, accurate, and useful information exchanging is a critical component of an 
effective evacuation. On one hand, evacuees need to gain information about the 
evacuation order, suggestion on evacuation time, destination, routes and places to find 
assistance from authorities.  On the other hand, emergency authorities need proper 
information collection and exchanging in emergency response and recovery to increase 
coordination and decision making efficiency (Dantas, Seville and Gohil, 2005).  
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As to communication equipments, the land-line telephone and cellular telephone 
systems usually became overloaded during the emergency evacuation, just like in the 
Hurricane Katrina and Rita in 2005, The Government Emergency Telecommunication 
Service (GETS) for land-line phone and the Wireless Priority Service (WPS) for wireless 
calls are offered by the National Communication System (NCS) of the Department of 
Homeland Security (DHS) to push the emergency providers‘ phone calls through. 
Besides, the satellite telephone is recommended by NCS as a backup. Because of the low 
bandwidth requirement, the text message often can get through, when familiar network 
can no longer handle the demand (Ballard, 2007).  
Intelligent transportation system (ITS) technologies are applied in hurricane 
evacuation monitoring and management by transportation agencies. The most common 
areas of ITS application are real-time monitoring of travel conditions and closed circuit 
television cameras (CCTVs). All DOTs are required by federal to incorporate some type 
of statewide traffic data recording program to monitor and assess statewide traffic volume 
and speed characteristics. CCTVs have an advantage over loop detection, in which they 
can also provide direct visual confirmation of traffic and weather conditions at remote 
locations (Wolshon, 2009). 
Because of the significant limitation in the application of ITS that most ITS 
infrastructure is concentrated in urban areas, whereas many evacuation routes, 
particularly for hazards such as wildfires and hurricanes, are in rural areas, portable 
communications systems are used by several states, such as dynamic message signs, and 
mobile traffic data recording systems (Ishak et al., 2008).  
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Collaboration 
 Interstate collaboration is in need of emergency evacuation. In Hurricane Floyd, 
tremendous number of evacuees moved up the east coast from Florida to Georgia and 
into South Carolina, causing near gridlock condition (Wolshon, 2002). Additionally, the 
limited coordination between the various agencies responsible for evacuation was thought 
to be one of the main explanations for the long time congestion in Hurricane Georges in 
1998 and Floyd in 1999. Since the two hurricanes, the level of involvement and 
coordination between emergency management agencies has increased (Wolshon, 2005). 
Summarizing focus group researches on government officials and non-profit 
organizations in Chicago, Miami, New Orleans, New York and San Francisco, a report 
identifies three levels of municipal collaboration, including collaboration capacitating the 
community level emergency response, collaboration efforts between municipalities, and 
collaboration in a higher authority (federal government).  Federal government can 
overcome any cross-jurisdictional barriers that may exist between municipalities or other 
local agencies (Renne et al., 2008). 
Transit Use 
Public transit systems are responsible to help evacuate carless residents. The lack 
of evacuation transportation was acknowledged by transportation engineers and public 
officials In New Orleans 2002, and evidenced in Hurricane Ivan in 2004 and then during 
Hurricane Katrina in 2005 (Schwartz and Litman, 2008).  Transit agencies are supposed 
to have the capability to provide emergency services to people who lack transport options, 
for they hold most of the public resources.  
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Although most people agree that public transit can play an important role in 
emergency evacuation, relatively little research or practical guidance exists for the 
provision of evacuation services for carless residents. Scanlon investigated several 
involvement of public transit examples in emergency situations, particularly evacuations, 
stated that a lack of planning and coordination between offices of emergency 
management and transit agencies existed in these examples (Scanlon, 2003).  Schwartz 
and Litman surveyed information provided on emergency transportation at emergency 
management and transit agency web sites in major U.S. cities, and testified the limitation 
of discussion of the use of transit (47 percent) and emergency management for non-
drivers (56 percent) in these web sites. Suggestion and recommendation were given for 
the best practices of transit in evacuation as followed: (1) including disaster response as a 
part of all transportation planning; (2) identifying exactly who will do what during 
disasters; (3) updating emergency response plans regularly; (4) establishing a system to 
prioritize evacuations; (5) creating communication and support networks that serve the 
most vulnerable people; (6) giving buses and other high-occupancy vehicles priority; (7) 
being ready to quickly deploy buses, vans and trains; (8) coordinating fuel, emergency 
repair and other support services; (9) running regular practice drills to assess 
preparedness; (10) training employees to know what is required of them in the event of 
an emergency; (11) communicating to ensure the public is aware of the resources 
available to them (Schwartz and Litman, 2008). 
By studying transit operation in the 38 largest urbanized areas in the U.S,. the role 
of transit in emergency evacuation was investigated (Committee on the Role of Public 
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Transportation in Emergency Evacuation, 2008). The role of transit in evacuation is 
affected by many factors, including the characteristics of the urban area in which a transit 
system operates, the characteristics of an emergency incident, the predisposition of the 
public, available resources, and the characteristics of the transit system itself. 
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CHAPTER FOUR 
NO-NOTICE AND EARTHQUAKE EVACUATION 
While most research contributes to increase the effectiveness of evacuation for 
all-hazard disasters, especially for hurricanes which have perhaps the longest warning 
time of all, less attention is paid to address other types of disaster evacuation, such as 
terrorist-induced emergencies that may occur without advance notice.  No-notice 
evacuations require a significantly different approach to plan than those with advance 
notice, because they are a set of capabilities and strategies based on limited time and 
available resources (Zimmerman, Brodesky and Karp, 2007). 
According to the evacuation characteristics, disasters are divided into short-notice 
and little- or no-notice disasters. While short-notice disasters refer to those that have a 
desirable lead time of between 24 to 72 hours (Wolshon, 2002), little- or no-notice 
disasters are those occur unexpectedly or with minimal warning (Zimmerman, Brodesky 
and Karp, 2007). Earthquake is one typical example of little- or no-notice disasters, as 
well as tsunamis, chemical explosions, terrorist attacks and also huge traffic accidents. 
Special Decision Making, Traffic Management Tactics, and Shelter-in-place 
Little- or no-notice disasters require evacuation to take place immediately after 
the occurrence of a disaster event (Chiu et al., 2006), little amount of time, information 
and resources are left between when the precipitating incident happens and when a little 
or no-notice evacuation is initiated (Zimmerman, Brodesky and Karp, 2007). In short-
notice evacuations, jurisdictions make decisions regarding to the implementation of an 
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evacuation to prevent lives from being put in imminent danger; in a no-notice scenario, 
citizens are usually already at risk. 
In short-notice disasters, decision makers have little time to collect the 
information they need to determine whether an evacuation should be ordered and, if so, 
the best way to carry it out. With a little or no-notice incident, sufficient information is 
likely to be unavailable to decision makers before a determination has to be made on 
whether to order an evacuation. Instead, incomplete, imperfect, and, at times, 
contradictory information about the incident is arriving, if at all, at the same time 
decisions need to be made. The decision about evacuation destination, route, traffic 
assignment and schedule all need to be made in restricted time, basing on limited 
information. Staff in emergency management agencies must be trained so that they can 
effectively respond rapidly and with imperfect information. Two aspects of information 
management are important for little or no-notice evacuation. Firstly, information should 
be prepared and analyzed in advance, containing data such as traffic demand estimates 
(daytime and nighttime), and number and locations of special needs population and 
available resources. Secondly, effective and resilient information and communications 
systems should be available to provide accurate real-time information after a little or no-
notice incident (Zimmerman, Brodesky and Karp, 2007).  
For the limited response time, emergency managers and transportation officials 
have to rely only on the assets and resources used in their daily operations. Most of 
vehicles and specialized equipment are often stored in remote locations or assigned 
elsewhere during normal operations, and may not be available right after an incident 
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occurs. Identifying needed resources in advance and planning for their availability 
through procurement and logical pre-positioning are important in little or no-notice 
disaster evacuation. 
Basing on the limitation of response time, available information and resources, 
preplanning are suggested by FHWA to avoid these drawbacks in little or no-notice 
disaster evacuation. Identifying what can be done ahead of time to prepare for a little or 
no-notice disaster evacuation will mitigate the effects of the lack of information and 
resources (Zimmerman, Brodesky and Karp, 2007). 
During an emergency condition, such as chemical spilling, terrorist attacks or 
tornados, people should go inside and stay put, which is called shelter-in-place. 
Sheltering is appropriate if people can gain protection and away from the hazard by 
keeping inside. For example, people can choose to stay in a basement or an interior room 
on the lowest level in a tornado, or stay at home with windows and doors closed in 
chemical spilling accidents. Otherwise, if shelter-in-place is not safe enough, like in 
hurricane, evacuation is required. The decision whether to recommend evacuation or 
shelter-in-place depends on the hazards faced. The length of time in shelters may be short, 
such as during a tornado warning. However, if the sheltering period is long, water, food, 
medicine, and basic sanitary facilities should be provided (FEMA, 2011).  
Preplanning for Little or No-Notice Evacuation 
It is important to note that the preplanning is distinctive from advance planning. 
Preplanning refers to planning efforts undertaken without the forecasting of risks and 
disasters. If an incident ever occurs the information will be on hand to serve decision 
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makers. Advance planning is usually conducted based on specific information of 
incidents. For example, in a high potential season for a wildfire, a strip of open land in 
forest is set as fire line in related areas. Much of the time, preplanning information will be 
used during the advance planning. 
An effective evacuation plan should prepare for all-hazards incidents, developing 
a response and recovery plan that is functional regardless of the incident that causes the 
evacuation, rather than focusing on responding to the particular type of incident. 
Flexibility is required to respond to any type of incidents, particularly for a little or no-
notice disaster evacuation (Zimmerman, Brodesky and Karp, 2007). 
In a little or no-notice disaster evacuation scenario, evacuation managers need to 
rapidly establish an appropriate command structure that will enable an effective response 
to identify, move, and safeguard the at-risk population. The transportation community 
should not expect to play a leading role in establishing and managing a command 
structure; however, it needs to be familiar with how the structure works, the hierarchy 
that will be followed by first responders, and the protocols and standard operating 
procedures that will be employed (Zimmerman, Brodesky and Karp, 2007). 
The preplanning for little or no-notice disaster evacuation connects with the 
characteristics of little or no-notice disasters. To solve the problems caused by limited 
amount time, information and resources, planning contributes to identify data, 
information and resource in advance, and make sure they can be procured when they are 
in need.  
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Special Evacuation Planning for Earthquakes 
While most evacuation research topics on all hazards evacuation or a hurricane 
evacuation, only a few of them focus on little or no-notice disaster evacuation. And 
almost none particularly concentrates on earthquake evacuation, except some selecting 
earthquake events as study cases to build common principles for evacuation (Yoji and 
Tetsuro, 2005). The evacuation behaviors related to earthquakes are more complicated 
than hurricanes, because of the necessity of evacuating buildings, as well as evacuation 
behaviors outside of the buildings. The current research about earthquake evacuation 
focuses on the building evacuation.  
A building is designed to offer some spaces for people‘s use. The circulation in a 
building includes horizontal connection, such as corridors and squares, and vertical 
transportation like stairs, escalators, and elevators. Occupants in buildings need to 
evacuate as soon as possible in disasters, such as earthquakes, fires and terrorist attacks. 
Compliance with the building codes is a tradition way to deal with building evacuation in 
earthquakes. The buildings‘ capacity to resist earthquakes determines the time for 
emergency evacuation (Shen, 2006). Another way to increase evacuation efficiency is 
better architectural design for buildings. Geometries are used in architectural design to 
provide fluent movement in buildings under emergency condition. Now, many studies 
investigate the occupants and their movement and behaviors in disasters. Simulation and 
models are used to analyze the building evacuation performance in disasters. Four major 
factors were identified to influence evacuation performance and be represented within an 
evacuation model: configuration of building spaces, environmental factors inside the 
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building, procedures implemented within the building, and the behavior of the occupants 
(Gwynne et al., 1999). Additionally, to increase the building evacuation safety and 
efficiency, guidance for building evacuation procedures are commonly provided in public 
websites, while a diagram of evacuation routes posted in a visible location is required by 
the regulations of the Occupational Safety and Health Administration, US Department of 
Labor (OSHA, 2011). 
However, there is little guidance about the outdoor evacuation for earthquakes, 
which means evacuating population out of the at-risk areas. Most of the population will 
stay in shelter-in-place or tents for certain time, while others will choose to escape long 
distance to be out of the potential risk areas. There are many reasons for the demand of 
outside evacuation in earthquake. Firstly, expectant aftershocks could be strong enough 
to do additional damage to weakened structures and can occur in the first hours, days, 
weeks, or even months after the quake, though they are usually these secondary 
shockwaves are usually less violent than the main quake. Secondly, the damaged lifelines, 
including water, sewer, gas, fuel, electric power, telecommunication and transportation 
systems, bring the difficulties to support function for daily life. At the same time, the 
affected areas usually lack the function of producing food and other life necessities. 
These inconveniences encourage the outside evacuation for some residents. Thirdly, 
many secondary disasters caused by earthquakes, like fire, flood and nuclear leaking, will 
impose threats on local residents. 
While earthquakes have the least warning time in all natural disasters (Wilmot, 
2001), earthquake evacuation is only appropriate to escape in the aftermath (Afshar and 
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Haghani, 2008). For earthquake evacuation is one kind of little or no-notice disaster 
evacuation, preplanning and preparedness are significant methods to overcome the 
barriers from limited time, information and resources. Moreover, many other special 
features, like secondary disasters, suggest that earthquake evacuation require more 
preparation. An integrated evacuation plan is supposed to be conducted in this study to 
guide the earthquake evacuation, according to its particular characteristics. 
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CHAPTER FIVE 
METHODOLOGY 
Research Problem 
In the literature review, many response actions were found to mitigate the risks on 
population and properties in earthquakes. Evacuation is one of the common responses for 
other disasters, especially in hurricane, but little direct research about earthquake 
evacuation was found. Since earthquakes are one kind of little time or no-notice disaster, 
in which most evacuation activities happen after the main shock, earthquake evacuation 
has many special characteristics which are different from hurricane evacuation. There are 
many particular problems faced in earthquake evacuation. And this research aims to build 
a preliminary plan to solve the problems in earthquake evacuation from a planning aspect.  
The research question is ―how to prepare for an efficient earthquake evacuation?‖  
To answer the question, multiple case studies create a frame of guidelines for evacuation 
plan in the events of major earthquake. Case studies are divided into three classes: 
exploratory, descriptive and explanatory (Yin, 2003). In this study, two major 
earthquakes are selected as examples to do exploratory research, for case studies are the 
most appropriate method for the exploratory phase of an investigation (Yin, 2003). 
The case study firstly examines the main issues faced in major earthquake 
evacuation. Additionally, this study will investigate major policies, strategies and 
operations used to solve these issues in each of the earthquakes, and also the results of 
these actions. At last, the improvement of preparedness for evacuation after earthquake 
will be studied. 
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Commonly, the case study needs to answer the following questions for each case:  
 In hindsight, what are the main problems faced in major earthquake 
evacuation?  
 What are the major policies, strategies and operations that came into play 
to address these problems encountered? 
 How did these programs you had in place at that time work/ not work?  
 What were major lessons learned? 
 What improvements to your disaster planning program have you 
implemented since the earthquake? 
 Are there other actions that communities should take in addressing 
earthquake preparedness?  
After finding answer for these questions, the author will identify the main issues 
for earthquake evacuation and propose the appropriate preparedness for these problems.  
Criteria for Site Selection 
In this research, several criteria are used to choose suitable multiple cases. Firstly, 
the earthquakes need to be recent, enough for planning documents, studies, and other 
materials to exist and be accessible. All of them need to happen in the last 20 years 
because modern policy and technology effectively promote evacuation efficiency, and 
modern regulations redefine disaster evacuation activities. Secondly, the earthquakes 
must have the destructive energy of causing a large number of deaths, injuries and 
economic losses, and influencing huge number of residents and forced them to evacuate. 
Their magnitudes should be larger than 6.5. Thirdly, the earthquakes need to have 
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happened in a populated place, instead of offshore or else on land with limited 
accessibility. Finally, an evacuation must have taken place in these earthquakes.  
For individual cases to qualify for this study, diversity is another criterion. 
Different cultures, policies and approaches to evacuation are sought. The cases need to 
have some different features from each other to allow investigation into how these 
features influenced the effects of evacuation planning, response and strategies. Because 
national policy affects evacuation effectiveness, the cases in the study are selected from 
different countries, with different political systems, levels of economic development and 
social features.  
Because the author came from China and studies in the US now, this paper selects 
the most recent influential earthquakes in China and the US as cases. One of the 
important reasons is the limited documentation accessibility. The author found sufficient 
original documentations in English and in Chinese to do the research, but found it 
different to collect adequate information in other languages. Another reason is the time 
limitation. Only two earthquakes are selected as cases. 
The most recent major earthquakes in China and in the US are shown in Table 5.1 
and Table 5.2. 
Table 5.1: The Earthquakes Larger than 6.5 since 1990 in China  
Source: USGS, 2011 
 
Time Location Magnitude Deaths Affected 
Population 
2002 06 28   Priamurye, Northeastern China border region   M 7.3 0 No damage reported 
2008 03 20   Xinjiang, Xizang border region, China   M 7.2 0 46,594 
2008 05 12   Eastern Sichuan, China   M 7.9  87,587 45.5 million 
2010 04 13   Southern Qinghai, China   M 6.9  2,267 15 million 
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Table 5.2: The Earthquakes Larger than 6.5 since 1990 in the US  
Time Location Magnitude Deaths Damages 
1991 08 17 Honeydew, California M 7.0 0 No damage reported 
1992 04 25  Cape Mendocino, California M 7.2 0 98 injuries 
1992 06 28  Landers, California M 7.3 3 
400 injuries 
1992 06 28  Big Bear, California M 6.5 0 
1994 01 17  Northridge, California M 6.7 60 7,000 injuries 
1994 09 01 Cape Mendocino, California M 7.0 0 No damage reported 
1996 06 10 Andreanof Islands, Alaska M 7.9 0 No damage reported 
1999 10 16  Hector Mine, California M 7.1 0 No damage reported 
2001 02 28  Nisqually, Washington M 6.8 0 400 injuries 
2002 10 23  Denali, Alaska M 6.7 0 No damage reported 
2002 11 03  Denali Fault, Alaska M 7.9 0 No damage reported 
2003 02 19  Unimak Island Region, Alaska M 6.6 0 No damage reported 
2003 03 17  Rat Islands, Aleutian Islands, Alaska M 7.1 0 No damage reported 
2003 06 23  Rat Islands, Aleutian Islands M 6.9 0 No damage reported 
2003 11 17  Rat Islands, Aleutian Islands, Alaska M 7.8 0 No damage reported 
2003 12 22  San Simeon, California M 6.6 2 40 injuries 
2004 06 28  Southeastern Alaska M 6.8 0 No damage reported 
2005 06 14  Rat Islands, Aleutian Islands, Alaska M 6.8 0 No damage reported 
2005 06 15  Off the Coast of Northern California M 7.2 0 No damage reported 
2005 06 17  Off the Coast of Northern California M 6.6 0 No damage reported 
2006 10 15  Hawaii region, Hawaii M 6.7 0 Many minor injuries 
2007 08 02  Andreanof Islands, Aleutian Islands, Alaska M 6.7 0 No damage reported 
2007 08 15  Andreanof Islands, Aleutian Islands, Alaska M 6.5 0 No damage reported 
2007 12 19  Andreanof Islands, Aleutian Islands, Alaska M 7.2 0 No damage reported 
2008 04 16  Andreanof Islands, Aleutian Islands, Alaska M 6.6 0 No damage reported 
2008 05 02  Andreanof Islands, Aleutian Islands, Alaska M 6.6 0 No damage reported 
2010 01 10  Offshore Northern California M 6.5 0 No damage reported 
Source: USGS, 2011 
As the Table 5.1 and Table 5.2 show, Wenchuan (Eastern Sichuan) Earthquake in 
2008 and Northridge Earthquake in the US were the most destructive in each country in 
terms of loss of life since 1990. They are selected as the cases to study in this paper. 
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Data Collection  
Three principles of data collection, proposed by Yin (Yin, 2009), are followed in 
this study. 
Use Multiple Sources of Evidence 
For the purpose of identifying problems faced and response taken, and evaluating 
the performance of response, data about the two earthquakes are collected basically from 
existing documents, archives records and key person interviews.  
Table 5.3: The Sources of Data Collection in Case Study 
Type of Evidence Collected Data Collection Instruments 
Events and facts about the three earthquakes Documentation: articles in newspaper and 
reports; 
Interviews 
Earthquake preparedness Documentation: national and local policies, 
administration regulations and emergency plan 
Response of related stakeholders, including 
government, agencies and households 
Documentation: articles in newspapers and 
reports; 
Interviews 
Evaluation about the performance of 
emergency plan and response 
Documentation: articles in newspaper and 
reports 
Subsequent preparedness and improvement Documentation: national and federal reports, 
new emergency plans;  Interviews 
Create A Case Study Database 
While open-ended study questions were asked by investigator in this study, the 
answers needed to be organized. An electronic database was created to organize the data 
and materials collected about the three cases. After computerizing, all the raw data were 
archived separate folders and easily retrievable for further investigation. Related issues 
about evacuation were found out for each earthquake, and all the problems, solutions and 
suggestion were classified into the related folders. Additionally, clear case study notes 
were made for each issue to be available for later use.  
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Table 5.4: Database to Create for Each Earthquake 
 Fact Solutions Suggestion 
Issue 1    
Issue 2    
Issue 3    
…    
Maintain A Chain of Evidence 
The purpose of the case study is to help answer the research questions and reach 
the final conclusions. An organizational chain of data collection and analysis contributes 
to the reader‘s understanding about the process of research. First, the link between initial 
study questions and case study procedure is pointed out in the case study protocol, as also 
the circumstances of the evidence to be collected. Secondly, the data collection is put to 
practice on the basis of the protocol. Thirdly, actual evidence is stored in the database for 
later checks, with specific collection circumstances indicated. At last, case study data 
base and evidence are cited in the final report and conclusions. 
Data Analysis 
Reliance on original theoretical propositions is the general analytic strategy in this 
study.  Theoretical propositions will be followed to form the case study design, as well as 
prioritize data used and presented. At the same time, a descriptive framework is built to 
organize the case study for each earthquake, organizing analysis based on the general 
characteristics and relations of the phenomena in question. 
Cross case synthesis is taken as the main analytic technique, after getting the basic 
reality, response and performance of each earthquake. Firstly, the common problems 
faced in earthquakes and earthquake evacuation will be found out and analyzed. Secondly, 
 
 
42 
 
after synthesizing the preparedness, responses and their performance in these earthquakes, 
feasible solutions for these problems will be suggested in this study.  
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CHAPTER SIX 
CASE STUDIES 
Northridge Earthquake 
On Monday, January 17, 1994, at 4:30 a.m., an earthquake of a magnitude of 6.8 
shook Los Angeles, California. While the actual earthquake (and its subsequent 
aftershocks) lasted only about 1 minute, it damaged 114,000 residential and commercial 
structures spread over 2,100 square miles. The Federal Emergency Management Agency 
(FEMA) reported the Northridge earthquake as one of the largest and most costly federal 
disasters, with initial cost estimates of total damages at $25 billion (FEMA, 2011). The 
earthquake epicenter was beneath the San Fernando Valley, 20 miles west-northwest of 
downtown Los Angeles, near the community of Northridge (34
0
13‘N, 118032‘W). 
Sixty people were killed, with more than 7,000 injured, 20,000 homeless and 
more than 40,000 buildings damaged in Los Angeles, Ventura, Orange and San 
Bernardino Counties. Severe damage occurred in the San Fernando Valley: maximum 
intensities of IX were observed in and near Northridge and in Sherman Oaks. Lesser, but 
still significant damage occurred at Fillmore, Glendale, Santa Clarita, Santa Monica, Simi 
Valley and in western and central Los Angeles. After the earthquake, a total of 24,000 
dwellings were vacated (US Department of Commerce, 1994).  
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Figure 6.1: Map of Epicenter Area of Northridge Earthquake 
 
Source: US Department of Commerce, 1994 
Collapsed Buildings and Building Codes 
The epicenter of Northridge earthquake was located in a heavily populated urban-
suburban area, the San Fernando Valley northwest of Los Angeles. Damage to building 
structures outside the epicenter area was severe, spotty in geographic distribution, and 
spread over a large area. Significant damage was reported as far as Fillmore in the west, 
Valencia in the north, and Anaheim in the southeast (DeBlasio, 2002). More than 40,000 
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buildings damaged in Los Angeles, Ventura, Orange and San Bernardino Counties 
(USGS, 2011). 
Figure 6.2: Building Collapse in Northridge Earthquake 
 
Source: Northridge Earthquake Photographs: http://www.nbmg.unr.edu/nesc/bobcox/ndx2.php 
The distribution of damaged buildings was affected by the type and density of the 
construction and the strength of the earthquake shaking. Unreinforced masonry and older 
concrete frame constructions suffered structural damage. However, damage and collapse 
in newer structures - particularly parking garages, commercial buildings and apartment 
complexes - were surprising and even alarming, considering the strict compliance with 
existing building codes.  
The building damage caused by the magnitude 6.6 San Fernando earthquake in 
1971 prompted significant revisions to earthquake design requirements. As a result, the 
1976 uniform building code (UBC) is specified as a benchmark code. The earthquake 
demonstrated the success of modern building codes. Of the 74 deaths attributed to the 
earthquake, 22 were caused by structural failure of buildings. 8,000 to 125,000 people 
were made temporarily or permanently homeless because of damage to their homes and 
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apartments. Schools, hospitals, offices, stores and other commercial and industrial 
enterprises were forced to close due to damage, much of it is nonconstructural. 
Building codes cover only new construction or changes to existing construction. 
An earthquake safety ordinance, commonly called ―Division 88‖, was adopted by the 
City of Los Angeles in January, 1981. The ordinance requires evaluation and upgrading 
of buildings that have bearing walls of unreinforced masonry. This requirement, called 
―Division 88‖ led to the rehabilitate of all the older unreinforced masonry buildings, 
certainly helped reduce the life loss from this earthquake (Lew et al., 1994). 
Road Blockage and Congestion 
After the earthquake, several major highway and freeways were closed. At the 
Fairfax, La Cienaga, and Venice Boulevard intersection with the Santa Monica Freeway, 
an overpass fell down. Spans collapsed in the interchange between the Golden State 
Freeway (I-5) and the Antelope Valley Freeway (SR-14), in the northwest San Fernando 
Valley. Rock slides closed roads to Malibu Canyon and Topanga Canyon. The highway 
and freeway collapse nearly isolated some communities and caused commutes of as much 
as four hours (DeBlasio et al., 2002). 
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Figure 6.3: Road Blocked in Northridge Earthquake 
 
Source: 
http://irapl.altervista.org/nit/viewpics.php?title=Northridge+Earthquake,+CA,+January+17,+1994+-& 
While many major freeways and roadways are partially or completely closed, 
massive amounts of vehicles diverted onto adjacent streets.  On the first day of 
earthquake, existing emergency operations centers set up initial detours for the damaged 
roadways within hours. On the second day, local streets are used as detours, when all I-5 
lanes except northbound I-5 to northbound SR-14 truck lanes, all SR-14 Lanes, all I-10 
lanes between Centinela and Washington Blvd, and all SR-118 lanes between Tampa 
Ave and I-210 are closed.  
In earthquake evacuation, pre-identified arterial detour routes were important for 
maintaining commuter mobility after the disaster. To assess the damage on the day of the 
earthquake and quickly set up detours around the damage, the availability of accurate 
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traffic data was critical in developing emergency detours. (US Department of Commerce, 
1994) 
The earthquake happened in the morning and the day was also Martin Luther 
King‘s birthday, a national holiday. So when the earthquake occurred, there was not as 
much traffic on road as normal. After the earthquake, the traffic volumes in Northridge 
areas were lower than normal condition in the first few days. After a week, the traffic 
volumes returned and increased dramatically. The whole road system generally was 
recovered by mid-March (Schiff, 1995). 
Damaged Bridges and Overpasses 
Experience with previous earthquakes has significantly strengthened the 
preparedness of the California transportation system for seismic activity. After the 
damage and destruction to several bridges and overpasses during the 1989 Loma Prieta 
earthquake in Northern California, the California State Legislature enacted a plan for 
seismically retrofitting vulnerable bridges and overpasses throughout the state, and, prior 
to the Northridge earthquake, 122 state bridges in the Los Angeles region (out of 456 in 
the region designated) had already been retrofitted. The retrofitting plan included cable 
supports to keep road beds from separating at joints, hinge extension to hold bridge decks 
to columns, adding spiral steel to wrap the column together, and large and deep in ground 
footings in soft soil. Consequently, none of these bridges were damaged during the 
Northridge earthquake (DeBlasio, 2002). 
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Figure 6.4: Retrofitting Program for Freeways in Northridge  
 
The vast majority of bridges in the Los Angeles metropolitan area performed well 
in Northridge Earthquake. However, the quake caused the collapses of six major highway 
bridges and heavy damage to 157 other high bridges (Lew et al., 1994).  
Collapsed overpasses closed sections of the Santa Monica Freeway, the Antelope 
Valley Freeway, the Simi Valley Freeway and the Golden State Freeway (USGS, 2011). 
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Figure 6.5: Collapsed Overpasses in Northridge Earthquake  
 
 Source: Left, http://www.dot.ca.gov/dist07/Publications/Inside7/story.php?id=506 
Right, www.schmidtysays.com/2011/03/young-schmidty-northridge-earthquake-94/ 
Secondary Disasters 
Fires caused additional damage in the San Fernando Valley and at Malibu and 
Venice (USGS, 2011). The Northridge earthquake resulted in fires which challenged the 
sources of the fire service due to the number of fire, disruption of the water supply, and 
damage to fire protection systems within buildings. The majority of the estimated 30 to 
50 significant fires were located in the San Fernando Valley and confined to the building 
of fire origin either by separation or by fire department action. A principal cause of the 
fires involved natural gas leaks. A small number of fires were caused by hazardous 
chemical interactions. Fire incidents occurred at a greater than normal rate in the days 
following the earthquake with the cause of some of the fires directly attributable to 
restoration of gas and power to buildings shaken in the initial earthquake or aftershocks.  
The Los Angeles City Fire Department responds to over 900 fires, medical and 
other emergency on a typical day. This number increased to over 2,200 on the day of the 
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earthquake and remained at twice the normal level in the following days. The continued 
high number of incidents was due in part to fires associated with restoration of utilities.  
Water available for fire fighting was generally adequate in the San Fernando Valley area 
during the day following the earthquake. The exceptions were in areas near the 
boundaries of the system and in areas at high elevation. Water tankers had been deployed 
throughout the San Fernando Valley to assist in fire fighting operations (Lew et al., 1994).  
Figure 6.6: Fire Disaster after Northridge Earthquake 
 
 Source: http://www.weatherstock.com/natural-disasters-gallery/slides/EQ-01.html 
The fire protection in the municipal environment is derived from private and 
public systems including building construction, building fire protection systems, land use, 
public and private water supplies, public and private fire departments, and 
communication and utility systems. In the aftermath of a major earthquake the normal 
interactions between these systems is disrupted. Even though emergency operational 
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plans exist, the interaction between these systems in reducing the loss from fire is 
complex sio nce it involves decisions on the part of a great many people (US Department 
of Commerce, 1994).  
A post-earthquake fire and lifeline workshop sponsored by the Building and Fire 
Research Laboratory, National Institute of Standards and Technology, was held January 
30-31, 1995, in Long Beach, California to assess technology development and research 
needs that will be used in developing recommendations to reduce the number and 
severity of post-earthquake fires. Leaders in the fire service; fire protection engineering; 
codes and standards; insurance; transportation; and water, gas, power distribution, and 
telecommunication utilities with experience in dealing with consequences of earthquakes 
participated in the workshop and  developed a list of priority project areas where further 
research, technology development, or information collection and dissemination would 
serve as a vital step in reducing the losses from future post-earthquake fires (Chung et al., 
1995). 
Besides fires, tens of thousands of landslides were caused by the earthquake over 
an area of 10,000 square kilometers. The landslides destroyed dozens of homes, blocked 
roads, disrupted pipe and powerlines, and blocked streams. They also generated massive 
clouds of dust, precipitating an epidemic of valley fever that caused three fatalities. While 
widespread and abundant throughout the region, landslides were most concentrated in the 
Santa Susana Mountains immediately north of the San Fernando Valley, and in the 
mountains farther north in the vicinity of Piru.  
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Landslide damage to buildings, roads, pipelines, and other structures was not as 
severe as it might have been in a more extensively developed area. However, landslides 
blocked many roads in the Santa Susana and western San Gabriel Mountains, hampering 
relief efforts and exacerbating the overall transportation problems caused by the 
earthquake. Landslides did extensive damage to roads, pipelines, and well machinery in 
oil fields in the Santa Susana Mountains. Dozens of homes in the central and eastern 
Santa Monica Mountains were moderately or severely damaged by movements of large 
block slides (USGS, 2011). 
Figure 6.7: Landslides in Northridge Earthquake 
 
Source: USGS, http://pubs.usgs.gov/of/1996/ofr-96-0263/valley.htm 
Inadequate Shelters and Appropriate Shelter Planning  
In the Northridge earthquake, there was a demand for shelters far in excess of 
capacity on the first day of the disaster (OES, 1997). The Los Angeles City Department 
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of Parks and Recreation is responsible for managing parks as emergency shelters during 
disasters and began immediately after the earthquake to assist these camped in parks.  
They managed more than thirty transitional shelter sites in parks and parking lots 
to assist evacuees until the American Red Cross and Salvation Army had shelters fully 
operational. All transitional sites were closed down by 29 January, as victims either 
moved to ARC shelters or found other accommodations. Several larger refugee centers in 
parks were also established, with tents provided by the California National Guard.  
In addition to those sheltered in the park facilities, the ARC provided shelter to 
28,500 during their operations in the two counties in a total of forty-five shelters. The 
peak shelter population housed by the Red Cross was 17,500 on 19 January. In the 
immediate aftermath, several dozen emergency shelters and tent encampments were 
established in LA and Ventura counties and managed by the ARC and Salvation Army, 
with aid of more than 15,000 volunteers. Most shelters remained open for three to four 
weeks, closing as demand decreased when victims returned to their homes or found new 
residences (Bolin and Stanford, 1998). 
Communication 
Communication immediately after the Northridge earthquake was very difficult 
for both emergency workers and residents. Power was out for most of the area, which 
affected the operation of the central phone system. There were numerous fires at 
electrical stations and telephone switching stations. One reason for phone service failure 
after the earthquake was that the system itself was overwhelmed. There were many 
phones off the hook, either knocked off by the earthquake or because of the volume of 
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calls. The system will automatically turn itself off when a certain percentage of phones 
are off the hook, to limit the amount of damage done to switching stations and allow for 
faster service restoration (Deblasio, 2002). 
In 1994, the use of cellular phones was just starting to become widespread. 
During the 1989 Loma Prieta earthquake, cell phones were some of the only 
communications tools working and proved invaluable. In the first hours following the 
Northridge earthquake, with landlines out, cellular phones and radios were the only 
means of communication into and out of the earthquake area for emergency personnel. 
However, communication in the canyon areas was intermittent due to terrain and limited 
coverage, and it was very difficult to get a signal for a cell phone or a radio. Since much 
of the earthquake damage occurred there, the surrounding terrain hindered 
communications during the initial stage of recovery. Other communication tools were 
used extensively, such as pagers, fax machines, and electronic data sharing via computer. 
Another source of communications was the use of helicopter surveillance to find areas of 
congestion and problems and transfer the information to commuters via radio, television, 
or signage on the highways (Deblasio, 2002). 
Coordination  
Emergency Operations Centers were built after the 1992 Los Angeles riots in Los 
Angeles. In times of crisis, both the City and County of Los Angeles activate their 
Emergency Operations Centers. The Emergency Operations Centers were activated at 
4:35 a.m., 5 minutes after the Northridge earthquake. 
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The centers, originally built to withstand a nuclear blast, are intended to facilitate 
interagency decision making and information flow. They accommodate utility 
representatives and representatives from various City of Los Angeles departments 
including public works, fire, police, building and safety, transportation (LADOT), city 
administration, and the mayor‘s office. Also represented at the EOCs are the Los Angeles 
County Sheriff‘s Department, the MTA, the CHP and Caltrans (Deblasio, 2002). 
Wenchuan Earthquake  
At 12:28 AM MDT, May 12, 2008 (2:28 PM local time in China), an earthquake 
of magnitude 7.9 struck northwestern Sichuan province of China. It was the most 
devastating earthquake in China in the last three decades.  
At least 69,195 people were killed, 374,177 injured and 18,392 missing and 
presumed dead in the Chengdu-Lixian-Guangyuan area. More than 45.5 million people in 
10 provinces and regions were affected. The impacted areas contain the counties in 50 
KM from the epicenter and all cities in 200 KM (Civil and Structural Groups of Tsinghua 
University et al., 2008).  
At least 15 million people were evacuated from their homes and more than 5 
million were left homeless. An estimated 5.36 million buildings collapsed and more than 
21 million buildings were damaged in Sichuan and in parts of Chongqing, Gansu, Hubei, 
Shaanxi and Yunnan. The total economic loss was estimated at 86 billion US dollars. 
Beichuan, Dujiangyan, Wuolong and Yingxiu were almost completely destroyed. 
Landslides and rockfalls damaged or destroyed several mountain roads and railways and 
buried buildings in the Beichuan-Wenchuan area, cutting off access to the region for 
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several days. At least 700 people were buried by a landslide at Qingchuan. Landslides 
also dammed several rivers, creating 34 barrier lakes which threatened about 700,000 
people downstream. A train was buried by a landslide near Longnan, Gansu. At least 
2,473 dams sustained some damage and more than 53,000 km of roads and 48,000 km of 
tap water pipelines were damaged. About 1.5 km of surface faulting was observed near 
Qingchuan, surface cracks and fractures occurred on three mountains in the area, and 
subsidence and street cracks were observed in the city itself. Maximum intensity XI was 
assigned in the Wenchuan area (USGS, 2011). 
There were a large number of aftershocks after the main earthquake. By August 
27, 2007, there were 26,320 earthquakes detected, in which 222 with magnitudes from 
2.0 to 4.9, 31 magnitudes from 5.0 to 5.9, and 8 ones with magnitudes from 6.0 to 6.9. 
The largest magnitude of aftershock was 6.4 (USGS, 2011).  
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Figure 6.8: Location of Wenchuan Earthquake 
 
Source: USGS, 2011 
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Collapsed Buildings and Building Codes 
The Chinese design code adopts the widely used concept of designing structures 
to ―allow no damage in small earthquakes; repairable damage in medium earthquakes; 
and no collapse in a large earthquake.‖ Despite the fact that these well-know concepts are 
followed in the design codes in China, unfortunately, many buildings did not perform 
well in this earthquake. 
In Chinese seismic design code, the earthquake force or risk is assessed based on 
design intensity, ranging from 6 to 9. There is no need for seismic design if the area or 
region is set as having an earthquake with intensity 5 or below. Most of the affected areas 
by the May 12 Wenchuan earthquake are areas having specified design intensity 6 to 7, 
for example, Wenchuan County, where the epicenter was located and the most damaged 
town Beichuan all have a design intensity of 7.0. Buildings designed and built, even 
strictly according to the design codes, are difficult to survive in an earthquake which 
essentially generated probably much higher intensity in most of the above mentioned 
affected areas. Therefore, it is not surprising to see so many and so widely spread damage 
and failure of the buildings. 23,143,000 buildings were damaged in Wenchuan 
earthquake, with 6,525,000 of them totally collapsed (Liu and Ye, 2008). 
There are two popular types of building structures in northwestern Sichuan 
province. The first kind is masonry-concrete structures, which are low-rise buildings (six-
story or less), with masonry (brick, stone blocks) walls and reinforced concrete (RC) 
columns for vertical load. The other type is frame structures, which has RC 
beam/girder/column frames and precise panel with medium height building, and are 
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usually less than 10-story. Besides these two types, there are also some other structures, 
such as masonry, Frame - Masonry hybrid structure, Frame - shear wall and light steel 
structure. These types of buildings performed totally differently in Wenchuan earthquake. 
Generally, masonry-concrete is the most common structure, but suffered serious damage. 
A main reason is that there are no structural columns and beams in masonry-concrete 
buildings. However, it is not saying masonry-concrete structure cannot withstand 
earthquake damage. Some of them were found had not been broken by the damage, while 
others were. Therefore, how to ensure the structural integrity and seismic design lateral 
capacity are the key points for masonry-concrete structure. At the same time, most of the 
frame structures suffered the relatively light damage. In particular, the main damage was 
in the envelope structure and infill walls filled with heavy round (Civil and Structural 
Groups of Tsinghua University, 2008).  
Design and retrofitting methodology for masonry-concrete building construction 
were suggested: bracing methods and connection details for all buildings, redundancy and 
controlled collapse for critical buildings (Lee, 2008).  
Road Blockage and Congestion 
According to the statistics of Ministry of Communication and transportation, 
approximate 16,000 miles of highways and 3,053 bridges were damaged in the 
Wenchuan earthquake. Damages primarily due to a combination of ground surface 
rapture and strong ground shaking.  
Traffic lines were blocked by road collapse or landslides. All roads connecting 
with Wenchuan are cut off during the quake. Highways linking Wenchuan and 
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Dujiangyan City, Wenchuan and both Mao County and Li County totally paralyzed by 
earthquake or landslides. The traffic on highway from Chengdu to Mianyang was 
interrupted because of the earthquake hit at 15:30 on May 12. The road connecting 
Wenchuan with Dujiangyan was completely interrupted. With the Wenchuan 8.0 
earthquake, roads were severely damaged in Wenchuan, Li County, Mao County, Heishui, 
Xiaojin, Songpan, Jiuzhaigou and other counties, while they were even more devastating 
damage in severely affected counties. More than 85 percent roads leading to Wenchuan 
and Dujiangyan were total damaged, interrupted and impassable (Lee, 2008). 
After great attempts made to smooth out the ways, Dujiangyan-Yingxiu linked 5 
days after the quake, Lixian-Wenchuan linked, 6 days after the quake, when many roads 
were still blocked. 
Figure 6.9: Traffic Blocked after Wenchuan Earthquake 
 
 Source: Lee, 2008 
The Wenchuan earthquake gave a significant test to China's emergency relief 
system. The earthquake caused a large number of "islands" by cutting off all exit roads 
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and must rely on helicopters to get through "life passage" (Lee, 2008). In the case of road 
traffic disruption, helicopters were relied on immediately to transport the injured, and 
deliver medical, food and other necessary life materials. In Wenchuan earthquake, 
helicopters were sent out by military and civil aviation within hours of the main shake for 
collecting information, while the communication system was totally out of function. At 
the same time, when all roads to affected areas were blocked, helicopters were used to 
drop troops to rescue buried people and repair roads and bridges. 
Figure 6.10: Helicopters in Evacuation 
 
Source: Lee, 2008 
Damaged Bridges and Overpasses 
According to statistics of Ministry of Communication and transportation, up to 
3,053 bridges were completely or partly damaged and unusable in Wenchuan earthquake. 
A reinforced concrete bridge in Beichuan County was seriously distorted. Many 
reinforced concrete arch bridge and stone arch bridges were totally collapsed. Many parts 
of the severe damage occurred to part of the bridge structure, even although not destroyed. 
Reinforced concrete arch bridge had a serious distortion, and some part of fracture and 
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dislocation occurred. In all 43 bridges in State Highway 213 from Dujiangyan to 
Wenchuan, 22 bridges suffered the earthquake dislocation. 
Figure 6.11: Collapsed Bridges in Wenchuan 
 
 
  
Source: Lee, 2008 
Secondary Disasters 
A huge number of collapses and landslides were triggered by the earthquake. In 
all, 12,000 geological disasters, including landslides and collapses with different scales, 
happened along Yingxiu - North River - Green River fault zone, on both sides of the 
epicenter,. A preliminary survey showed that Earthquake triggered landslides and largely 
increased earthquake losses in Wenchuan earthquake, such as Wangjiayan landslides in 
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Beichuan County, landslide of new Beichuan Middle School and East River landslide in 
Qinchuan County. The largest landslides concentrated in Beichuan County and 
Qingchuan County. Two villages were buried directly by landslides in Beichuan County 
(Liu, 2008). 
A large number of mountain landslides changed the original appearance of 
mountains and rivers, resulting in road damage and river blockage. Even more serious is 
that most of the materials accumulation by such landslides in the steep slopes and gullies 
in the area can easily generate the formation of new landslides and debris flows during 
the rainy season, constituting a significant threat to the construction of settlements. 
While part of earthquake-induced landslides fall into and blocked rivers, large 
landslide dams were formed on the river, resulting in the formation of unstable lakes. 
Such landslide dam lakes can easily collapse, when the lake overflowed or triggered by 
other factors, resulting in secondary flooding disasters. Thirty landslide dam lakes, which 
had a certain size to cause potential hazards, were formed in Wenchuan earthquake (Cui 
and Sombatpanit, 2008).  
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Figure 6.12: Earthquake-induced Lake in Wenchuan 
 
 Source: http://www.matsu-ytp.com.tw/thread-7428-1-1.html 
Rocks fell down from mountains also blocked the roads, and caused the damages 
to buildings and lives. 
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Figure 6.13: Rocks Fell in Wenchuan Earthquake 
 
 
 
 Source: Lee, 2008 
Inadequate Shelters and Appropriate Shelter Planning  
As roads were blocked up in this disaster relief operation, numerous residents in 
the hardest-hit areas fled out of the mountain areas and flooded into the cities of 
Mianyang and Deyang and other county towns, resulting in a great deal of lodging of the 
affected people in urban downtowns. Meanwhile, the blocking of mountain roads brought 
about many difficulties for delivery of relief supplies to the rural areas. Sichuan province 
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initiated the mechanism for all-round lodging of the affected people, coping with the 
emergency evacuation of millions of the affected people from mountainous regions.  
The headquarters promptly decided to make an emergency procurement of 
900,000 tents and thousands of tons of tarpaulin and color-strip polypropylene cloth and 
asked to complete it by June 20, decided to purchase a million of sets of plank houses and 
immediately began sentinel-building aid from various provinces, to ensure fully the 
victims‘ temporary shelter. Totally, over 15 million people were displaced in Wenchuan 
earthquake, including over 5 million people who were left without shelter. Open space 
became the lodging sites for the affected people in almost all the towns along the affected 
areas. The famous Jiuzhou Stadium in Mianyang is a good example. 
Figure 6.14: Shelter-in-Place and Shelter Center in Wenchuan Eartquake  
 
Source: Lee, 2008 
In the affected areas, the security of shelters was another issue. Potential 
landslides threatened temporary shelters and rescue tents.  
 
 
68 
 
Figure 6.15: Unsafe Shelter Location in Wenchuan Earthquake 
 
Source: Lee, 2008 
Communication 
There are three switches of China Mobile in Sichuan Province were congested 
after the earthquake. More than 2,300 base stations were out of service due to power 
outages, transmission interruption and other reasons.  
All mobile communication networks of China Unicom in Sichuan were 
interrupted. About 200 base stations of China Unicom in Sichuan were damaged. 
Communications in four counties of Gansu Province were broken down. About 500 base 
stations were damaged in Shaanxi Province.  
For China Netcom in Sichuan Province, 150 preliminary Bureaus (including 
office and business space) were damaged until May 14, some of which severely damaged 
in the engine room and needed to be relocated. More than 840 bases, 300 kilometers of 
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optical cable and 370 bars were damaged. Communications network were subjected to 
enormous losses all across the province. 
Eighty-four radio and television stations and cable networks in Sichuan Province 
were damaged. Transmission tower, cable radio and television cable, and other radio and 
television equipment and facilities were seriously damaged in some areas of Gansu 
Province, Shaanxi Province, Chongqing City (China Architecture Design & Research 
Institute, 2009). 
Coordination  
State Council of Anti-earthquake and Disaster Relief Headquarter was established 
immediately after the earthquake, which then set up 9 working teams. In May 15
th
, the 
headquarter decided to set up Front Line Commanding Headquarter in Chengdu, 
coordinating front line disaster relief affairs. The disaster relief forces, including army 
troops and armed police, public security and fire control police, and militia and reserve 
forces, were put into full operation, with a troop of over 130,000. Meanwhile, the 
airborne troop was put into operation, creating a world record of 5,000 meter parachute 
drops (Salazar et al., 2009).  
There are two problems of coordination system of Wenchuan earthquake. Firstly, 
administrative system was very hierarchical, with no horizontal coordination. 
Contradictory instructions were often passed by different ministries. The system was 
paralyzed after losing contact with upper levels. Secondly, chains of command were too 
long, very slow, costly and wasteful. Ad hoc reduction of red tape was not systematic 
(Lee, 2008).   
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CHAPTER SEVEN 
INTERVIEWS WITH KEY PERSONS 
After compiling the initial database, phone interviews were taken with the general 
manager in the emergency management department of the City of Los Angeles and the 
current director of the planning and construction department in Wenchuan County. The 
purpose of the interview is to identify the key persons‘ thoughts about the main problems 
faced in earthquake evacuation, what was done to solve the problems, how the results 
came out, and what improvement could be made. These key persons have many years 
experience in the planning and emergency management fields. More importantly, they 
personally experienced the cases selected, basically working as the decision-maker or 
manager. With the background of planning and emergency management, and having 
personal experience about these earthquake cases, they are believed to deeply understand 
the issues in earthquake evacuation. While some data about the questions proposed in 
interviews were found in data collection from documentations, the open ended questions 
in the interview aim to add first-hand accounts from individuals involved in the case 
study events. Analysis and integration are based on both the data collected from 
documentations and the interviews. 
The interview questions and answers are followed: 
Interview Questions Related to Northridge Earthquake 
Question: In hindsight, what were the main problems faced in Northridge earthquake 
evacuation? 
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Answer: Building collapse was the main problem in evacuation, but there was no 
problem for people to evacuate out of the buildings. Another problem was that the public 
shelters were insufficient. Though the shelter plan was in place, the demand (30,000-
40,000 population) was more than that. 
Question: What were the major policies, strategies and operations that came into play to 
address these problems encountered? 
Answer: While there were not enough shelters, recreation centers and parks were used as 
public shelters. There were a certain number of people who stayed out of shelters. After 
6-8 weeks, people started to return back to structures. The shelters were kept working for 
3-4 months (maybe 6 months). However, long term housing issues followed after the 
shelter problems. 
Question: How did the programs you had in place at the time work/not work? 
Answer: The shelter program prepared only for 8 to 10 thousand persons, not for 
hundreds of thousands. The demand for shelters was overwhelmed. It is hard to think 
bigger than planned for. 
Question: What were major lessons learned? 
Answer: Firstly, the local level needs to increase the capability to handle catastrophic 
conditions. Secondly, a standardized emergency management system is in need to 
prepare well for disaster. 
Thirdly, the state, regional, local government and other different agencies should work 
cooperatively in earthquake response. Fourthly, there should be an integrated planning 
for housing issues, not leaving too much to housing department.  
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Question: What improvement to your disaster planning program have you adopted since 
the earthquake? 
Answer: Firstly, the disaster planning program should be more comprehensive and broad 
to prepare well for disasters. Secondly, attention must be paid to the special needs 
population, such as the elder, the ones without transportation choice, and not well-
educated. Thirdly, the program helps to prepare well for large scale evacuation, learning 
lessons from Katrina and 911 evacuations.  
Question: Are there other actions that communities such as Northridge should take in 
addressing earthquake preparedness? 
Answer: The capability of government is limited to handle disaster. Families, churches 
and charity programs are valuable in disaster preparedness. Mutual-aid agreements 
should be established with other jurisdictions.  
Interview Questions Related to Wenchuan Earthquake 
Question: In hindsight, what were the main problems faced in Wenchuan earthquake 
evacuation? 
Answer: Building collapse and road collapse were the main problems in evacuation. 
There were not safe roads for people to get out of the dangerous areas. Most of the 
bridges were collapsed and some impacted areas were isolated. Another problem was the 
communication system dysfunction. Contact was lost with the local level. 
Question: What are the major policies, strategies and operations that came into play to 
address these problems encountered? 
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Answer: Government and organizations helped set a shelter-in-place plan to relocate 
local residents. People with traffic accessibility evacuated to the nearby big city, Deyang. 
Immediate road/bridge repairing was taken to move shelters and other necessary living 
materials into impacted areas. 
Question: How did the programs you had in place at the time work/not work? 
Answer: Because of the dysfunction of communication system, contact was lost with 
some areas at the first few hours after the earthquake. People could only rely on 
themselves to survive at that time. After that, more help was provided in place. The 
shelters were short. Some evacuees lived in stadium and other open space. 
Question: What were major lessons learned? 
Answer: Firstly, there is an urgent need for local disaster management system. The top-
down system is efficient in normal conditions, but if the contact was lost, there was no 
guidance for local level. Secondly, the coordination system should be planned before the 
condition of disasters. 
Question: What improvement to your disaster planning program have you adopted since 
the earthquake? 
Answer: Firstly, the new structures increase the resistance to earthquake. Secondly, a 
comprehensive disaster preparedness, response and recovery plan was set with 
professionals from all over the country.  
Question: Are there other actions that Wenchuan should take in addressing earthquake 
preparedness? 
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Answer: Combining the shelter plan with the land use planning, leaving enough open 
places in urbanized areas. In the mountainous area, the location of communities should 
avoid the dangerous areas, such as the place with the risk of landslide and rock falling. 
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CHAPTER EIGHT 
IMPLICATIONS 
Main Issues in Earthquake Evacuation 
Combining the data collected from documentation and the interviews with 
professionals, the important issues for earthquake evacuation, containing building 
evacuation and outside evacuation, appear to be:  
 Building evacuation safety 
 Shelter-in-place or evacuation 
 Road collapse and blockage 
 Traffic modes used in earthquakes 
 Communication 
 Coordination 
Building Evacuation 
Building evacuation depends on the building performance in earthquakes. 
Building collapse is one of the main obstacles for building evacuation, which was severe 
in Wenchuan earthquake, but not in Northridge earthquake. 
To increase the success of building evacuation in earthquake events, appropriate 
building/design codes set for new construction and rehabilitation plan for existing 
buildings are highly recommended. The compliance with building/design codes should be 
monitored in the construction process. Besides that, a good architectural design with a 
fluid circulation system could reduce the building evacuation time. And, evacuation 
routes posted in a visible location should also be required for buildings. 
 
 
76 
 
 
Shelter-in-Place or Evacuation 
Both in the Northridge and Wenchuan earthquake, the demand of shelters far 
exceeded the supply. Some of the shelters were badly located in Wenchuan. Long time 
housing issues were mentioned both in Northridge and Wenchuan earthquake interviews.  
Enough shelters and safe location of shelters are important to keep evacuees away 
from risks in earthquakes. The decisions about evacuation or shelter-in-place depend on 
the comparative risks to the population. The risks come from the unpredictable 
destructive power with possible aftershocks and secondary disasters. Additionally, the 
injured need to be evacuated for medical care and also because they are vulnerable in an 
emergency situation, while others might choose to escape because of the inconvenient 
life in disaster impacted areas. In earthquakes, shelters and evacuation should combine 
together to keep people safe. Enough food, water, medicine, and basic sanitary facilities 
should be offered in shelters. Additionally, short-term and long-term housing issues 
should be considered in the shelter plan. 
Road Collapse and Blockage 
The road blockage caused by road collapse, bridge collapse and secondary 
disasters happened both in Northridge and Wenchuan, though it was much severer in 
Wenchuan. Earthquake evacuation is much more difficult than hurricane evacuation or 
others, because of the bad road conditions.  Local roads were widely used as detours in 
Northridge. Helicopters were used in Wenchuan to save lives, while they were used in 
Northridge for firefighting. 
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Real-time monitoring the interruption of roads and rapidly repairing them are the 
common ways to keep the outside evacuation work if the blockage is rare and light. 
Detour routes systems should be planned before the disasters and could be used when the 
main roads are blocked. But if the road systems are badly damaged and the impacted 
areas are isolated, helicopters or other transportation equipments could be used to save 
lives and property.   
Traffic Modes Used in Earthquakes 
In earthquakes, damage not only happened to the road system, but also to the 
automobiles. There is less choice about vehicle use in earthquakes. Just like helicopters 
used for life saving, other kinds of traffic modes should also be encouraged in 
earthquakes, if they are available and usable.  
Automobiles are the main traffic use in earthquake evacuation, if the road 
condition is acceptable. In the condition of road blockage, helicopters could help move 
injured quickly away from at-risk area. Evacuating by walking is also an important 
supplement in earthquakes. Like in other disasters, transit, especially school buses, are 
encouraged to provide traffic choice for carless persons. 
Communication 
Failure of communication was pointed out as one of the main problems in 
Wenchuan. However, it also happened in Northridge.  
The communication in earthquake evacuation is harder than other evacuations, 
because of the facility damage and the overwhelmed number of calls. Attention should be 
paid to the safety of communication facilities. A separate and stable emergency 
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communication system is highly suggested to keep the information accurate and on time 
in earthquakes. New technologies and other methods of communication should be kept 
and used in emergency communication. And, to overcome the overwhelmed use of the 
cell phone system, multiple choice should be provided for emergency communication, 
including emergency call lines. 
Coordination  
Problems about coordination were found both in Northridge and Wenchuan. The 
coordination in Northridge earthquake was between different departments, while the 
problems of coordination system in Wenchuan earthquake were due largely to no 
horizontal coordination and long distance command. 
Coordination should not only be among different department, but also with 
different levels. Additionally, the preparedness for earthquake evacuation is not only 
government‘s responsibility. Volunteers and other nongovernment organizations could 
also provide significant functions. The mutual-aid agreements signed before could 
provide guidance for coordination and mutual-aid in earthquakes. 
Principles for an Earthquake Evacuation Plan 
Without feasibility of short-term earthquake prediction, plenty of uncertainty is 
left for the earthquake response, such as the destructive power, the number of injured and 
the condition of infrastructures. Preplanning for those uncertain outcomes is significant 
for earthquake response and evacuation.  
For earthquake evacuation is a kind of no-notice evacuations, the actions need to 
be taken based on limited information and resources. It is important to indentify the 
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available resources in advance and make them ready for work. Inventories should be 
created for these resources, including transportation systems (vehicles, management 
systems), shelters, emergency medical supports and so on. Locating resources beforehand 
will promote the efficiency of applying them in evacuation. While it is hard to gain 
enough real-time information in earthquake events, it is meaningful to collect enough 
information about buildings and infrastructure (roads, bridges and communication 
facilities) in advance and assess their resistance to earthquakes. Based on the magnitude 
of the main shock, the performance of buildings and infrastructures might be predicted 
and used for decision-making. 
Earthquake evacuation plan is contingency planning, established for anticipating 
damages and activated immediately when earthquake hits the planned areas. The 
evacuation actions will be taken based on best available information for uncertain 
outcome and will need to be adjusted based on real-time information. 
Elements of an Earthquake Evacuation Plan 
After identifying the main issues in earthquake evacuation and possible solutions 
for them, a complete evacuation plan should at least contain following contents to 
provide guidance for earthquake evacuation: 
 Building evacuation plan 
In a building evacuation plan, guidance for evacuation (like what to/not to do in 
building evacuation) will be provided. Evacuation routes should be required to be posted 
in a visible location for each building.  
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To increase the efficiency of building evacuation, building/design codes, structure 
retrofitting plan and a good architectural design will be emphasized in the plan. 
 The decision-making system about evacuation  
A well-structured decision-making system should be built to trigger the response 
systems, determining whether to evacuate, the type of evacuation, the evacuation 
destinations, routes, schedule, and traffic modes to use. The decision system will 
determine the evacuation operations. 
To make appropriate decisions, a risk assessment system is required. 
 Shelter plan and long term house plan 
Evacuation plan should be combined with the shelter-in-place plan. People not 
only need evacuate from the buildings, but also need to be settled in the shelters. The 
shelter plan should include: the inventory of shelters and their locations, shelter demand 
estimate, and the food, water, medicine and sanitary facility supplies.  
Shelters and the long term housing in-place are the destination of some parts of 
evacuation. 
 Emergency assistance system 
The emergency assistance system aims at life saving and the protection of 
livelihoods. It includes rescue activities, moving the injured to hospitals or other safe 
locations and supplying necessities.  
 Real time road condition monitoring and repairing system 
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Besides congestion and road capacity shortage, road blockage is one of the main 
problems in earthquake evacuation. The reasons for the blockage include road collapse, 
bridge and overpass collapse, and secondary disasters blocking the roads.  
An efficient real time monitoring system could help to monitor the traffic and 
road condition at real time. Because of the destructive potential of earthquake, it is 
critical to make sure the real time monitoring facilities work after the earthquake. Rapid 
repairing the damaged roads is the priority to keep the road system working. 
 Detour plan 
Detour plan aims to use the local roads as a detour when the highways or main 
roads are blocked or congested. In the detour plan, local roads will be identified before 
and work as a system in earthquake evacuation. The detour plan needs to combine with 
the decision-making system and real-time monitoring system. 
 Multimodal vehicles plan 
In earthquakes, the automobile is not the only vehicle of choice. Helicopters or 
even ships in coasted areas are important in the condition of road blockage and 
congestion. Walking to safe places is another option to evacuate out. Transit of the 
dangerous zone could be used to help carless people. The earthquake evacuation should 
have a part to organize the vehicle use in earthquake and to help organize all vehicle 
options. 
 Communication system 
Timely, accurate information is essential in the whole evacuation process. The 
evacuation plan contains a part to make sure the communication system work under the 
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condition of disasters. The plan includes a communication facility retrofitting plan and an 
emergency communication plan. 
 Coordination system 
Coordination system promotes the coordination between not only different levels 
of government and related agencies, but also the same level. Mutual aid agreements need 
to be set to work in earthquake. 
 Special needs population plan 
Special needs population are vulnerable groups in disasters. There should be a 
special plan to help move them out of the dangerous place. The special needs population 
plan should include a registry system to collect special needs population‘s information, a 
decision-making system, and an executive system to help them out in earthquakes. 
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CHAPTER TEN 
CONCLUSIONS 
 Because of no warning time and many unexpected problems in earthquake, a 
comprehensive evacuation planning for uncertainty is needed for urbanized areas to 
evacuate residents in earthquakes, especially for those areas with high potential for 
earthquake. Available resources need to be identified in advance for evacuation actions. 
The contingency plan will be activated based on best available information and resources 
and be adjusted based on real-time information and new available resources.  
 The decision to evacuate or shelter-in-place will be made based on the 
comparative risks for affected populations. Besides the destruction and other damages 
caused by the main shock, people may be at risk from unpredictable aftershocks and 
secondary disasters. Though there is not a feasible method to predict aftershocks, it is 
possible to identify the happening of some secondary disasters in earthquake events, like 
the floods, fires, landslides, tsunami and nuclear emergency. With an understanding of 
the causes of these secondary disasters in earthquakes, evacuation could be an efficient 
method to keep population away from at-risk areas. Besides being vulnerable in the risks 
of aftershocks and secondary disasters, the injured need to be evacuated out for medical 
care. Additionally, the inconvenient life, such as lack of food, water supply and sanitary 
facilities, may force people to evacuate. 
 In earthquake evacuation, many issues need to be solved, including building 
evacuation safety, shelter-in-place or evacuation, road collapse and blockage, traffic 
mode use, communication, and coordination. 
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 To keep building evacuation and outside evacuation activities safe and efficient in 
earthquake events, the evacuation planning should at least contain following sub-systems: 
 Building evacuation plan 
 The decision-making system about evacuation  
 Shelter plan and long time housing plan 
 Emergency assistance system 
 Real time road condition monitoring and repair system 
 Detour plan 
 Multimodal vehicle plan 
 Communication system 
 Coordination system 
 Special needs population plan 
Basically, this study is only a preliminary study about earthquake evacuation to 
identify the problems in earthquake evacuation and find the directions to solve these 
problems. More work could be done to construct the basic components and standard for 
those special plans in earthquake evacuation, which were mentioned above.  
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